[1] An earthward moving plasmoid has been observed on 28 October 2002 by the Cluster spacecraft with simultaneous auroral viewing by the IMAGE satellite. This offers the opportunity to ascertain the optical and the evolutional signatures in the ionosphere of the earthward moving plasmoid. The ionospheric signatures observed in this paper are not substorm-related. Both the ground-based measurements and IMAGE satellite auroral observations show the ionospheric signatures moving to lower latitudes, when the earthward moving plasmoid is observed by the Cluster spacecraft. The intensity of the current in the center of the plasmoid is found to be weaker than that in the adjacent region. Also, the directions of the current in the central part of the plasmoid, different from the background cross-tail current, are more field-aligned. Those facts are consistent with the tail current closes through the substorm-like current wedge, since the cross-tail current is blocked by the plasmoid. On the other hand, the current in the earthward plasmoid may close through the interhemisphere. In this paper we demonstrate that the magnetic structures, plasmoids and flux ropes, will transport flux and energy from the distant tail to the Earth. 
Introduction
[2] Plasmoids/flux ropes are an important feature of various kinds of eruptive processes in astrophysical plasmas, notably during the occurrence of magnetospheric substorms and solar coronal mass ejections (CMEs). Outstanding questions about plasmoids concern their inner magnetic structure and topology, the nature of their plasmas, and their temporal and spatial evolution following release [Baker et al., 2002; Slavin et al., 2003a; Deng et al., 2004; Zong et al., 2004] . Recently, flux ropes in the tail have been further referred to as ''BBF'' flux ropes (earthward flux rope with a bursty bulk flow) and ''plasmoid'' flux ropes (tailward flux rope) [Slavin et al., 2003a] . The ''BBF'' flux ropes are associated with Ç quasi-sinusoidal DB z perturbations and earthward plasma flow, whereas the ''plasmoid'' flux ropes are associated with ±DB z perturbations and tailward plasma flow.
[3] The earthward moving magnetic structures like plasmoids [Zong et al., 2004] and BBFs [Nakamura et al., 2001] have been observed; however, the evolution and interaction with the inner magnetosphere are not understood. It is essential to study the evolution of the earthward plasmoid on its way to the near-Earth region; is the earthmoving plasmoid losing its energy by interacting with ambient plasma/field? Is the earthmoving plasmoid closure with the ionosphere or with the interplanetary space? This paper will emphasize the magnetic connectivity of plasmoids to the rest of the tail and the evolution of their internal plasma populations. The properties of this plasmoid and its related auroral and ground-based signatures are addressed.
Plasmoid Structure
[4] As initially reported by Zong et al. [2004] , on 28 October 2002, the Cluster spacecraft were travelling in the tail plasma sheet at GSE (À11, 11.8, 2.4) R E in the northern part of the tail. [Zong et al., 2004] together with (b) the single charged oxygen Vx, (c) plasma b, (d) plasma ion total velocity, (e) parallel and perpendicular velocity and temperature obtained by CIS instrument. Also shown are the magnetic field (f) B z , (g) B z , and (h) B t and electric field (i) E x , (j) E y , and (k) E z components obtained by EFW (green) and ÀV X B (black). The first shaded area is the central part of the plasmoid. The dashed orange line marks the reflection point of the plasmoid where Bz changes sign.
[5] Figure 1 shows plasma electron (PEACE) [Johnstone et al., 1997] and energetic electron (RAPID) [Wilken et al., 2001 ] spectra during the plasmoid [Zong et al., 2004] . Plasma b, plasma ion parallel, and perpendicular velocity and temperature are also shown. The magnetic field B y , B z , and B t are given in Figure 1f , 1g, and 1h. Figures 1i, 1j , and 1k show an intercomparison between the electric field components measured by the EFW instrument (double probe) [Gustafsson et al., 2001] and the E = ÀV Â B, where V is the plasma ion velocity from CIS [Reme et al., 1997] and B is the magnetic field vector from FGM [Balogh et al., 1997] . The large-amplitude bipolar electric fields E x and E y (between 1944 and 1948 UT) observed by EFW instrument are reproduced well by E = ÀV Â B.
[6] In the leading edge of the plasmoid (1942 to 1944 UT), the magnitude of the magnetic field increased significantly. This increase is not a betatron acceleration because both plasma ion temperature and b decreased. It is interesting to point out the single charged oxygen ions are obvious different than hydrogen ions. The Vx component of the oxygen changes sign at 1946 UT (the inflection point where Bz changes its sign). The flow direction is first earthward and after 1946 tailward. The different behavior of oxygen ion imply that the single charged oxygen ions are freshly resupplied from polar ionosphere, whereas the hydrogen ions are preexisting [Zong et al., 1997 [Zong et al., , 1998 ].
[7] Figure 2 presents the evolution of the total current density J (Figure 2c Figure 2d shows the ratio of r Á B/jr Â Bj which has been regarded as the estimation of the relative error djJj/J [Robert et al., 1998 ]. It is seen that the relative error is less than ±0.5 (meaning that djJj/J < 50%). This indicates that in the center of the plasmoid the relative error is sufficiently small so that the curlometer technique is valid.
[8] The angles between the current and the magnetic field vector are given in Figure 2b . The current is defined as a field-aligned current if the angle is between 0°and 30°or between 150°and 180°and cross tail current if the angle is between 75°and 105°(90°± 15°). As can be seen before the plasmoid arrival, the current in the tail plasma sheet can be considered to a great extent as being the cross-tail current. However, the current in the central part of the plasmoid turned to a direction varying between the background cross-tail direction and the anti-field-aligned direction. Only in a small region close to the plasmoid center, the current was in anti-field-aligned direction. If the current is parallel or antiparallel to the magnetic field, then the structure is quasi-force-free (J Â B = 0), i.e., the observed plasmoid consists of non-force-free and quasi-force-free parts (see also Figure 2f ). The current in the plasmoid can then either close through the auroral ionosphere [Kivelson et al., 1996] or through the solar wind-magnetosheath if the flux rope is long enough [Hesse et al., 1996] .
[9] The electromechanical energy conversion term in Poynting's equation (J Á E) is plotted in Figure 2a . We follow electrical engineering in using the terms ''dynamo'' (J Á E < 0) and ''load'' (J Á E > 0) as a conceptual heuristic [e.g., Paschmann et al. 1979] .
[10] As the plasmoid moves toward the Earth, the plasma has to slow down, and the plasmoid becomes a ''dynamo'' J Á E < 0. The plasmoid will release energy to the ambient region. As we can see from Figure 2a , the earthward moving plasmoid is a generator. However, in the plasmoid core region where the field has a local maximum, J Á E is positive because of significant positive Ex and Ey for 20 s (the scale size is estimated as 1400 km). During this interval the plasmoid behaves as being a ''Load,'' meaning that the ambient electromagnetic energy is partly being converted into mechanical energy in the plasmoid.
[11] Furthermore, the evaluation of the total pressure which is determined by the plasma pressure (nkT) plus the magnetic pressure (B 2 /2m) is shown in Figure 2e and the J Â B force is given in Figure 2f . As can be seen, the plasmoid is in total pressure balance; however, the J Â B force is not balanced. This indicates the movement of the plasmoid is driven by the J Â B force. There is a bump around 1945 UT in the total pressure. This pressure enhancement seems to be caused by the minimum B y -field (core field) [Ieda et al., 1998 ]. Interestingly, the center of this total pressure enhancement differs from the plasmoid center at 1946 UT determined by J Â B force, indicating the plasmoid having twisted geometry [e.g. Zong et al. 1997] .
[12] The Cluster tetrahedron in GSE X-Z plane is inserted into Figure 2 . Spacecraft 1 and 4 are tailward of spacecraft 2 and 3 and spacecraft 3 and 4 are closer to the Z = 0 plane.
Signatures in the Ionospheres
[13] The plasmoid characterized by the bipolar signature in B z lasting from 1942 to 1952 UT raises some interesting questions regarding the evolution of earthward moving plasmoids in the tail plasma sheet. As earthward moving plasmoids push up against the geomagnetic field, they will probably dissipate quickly because the orientation of their magnetic field is favorable for reconnection with the geomagnetic closed field lines in the near Earth as suggested by Slavin et al. [2003a Slavin et al. [ , 2003b and Zong et al. [2004] .
[ [15] It is quite amazing that the auroral brightening occurred at 1941 UT right at the estimated Cluster position as observed by IMAGE. This is the time when the plasmoid onset occurred based on the overall Cluster particle and field data. Moreover, both the IMAGE and Polar data show the auroral forms moving to lower latitudes over the next several minutes, which coincides with the time frame during which Cluster observes the earthward moving plasmoid. Such plasmoid motion should correspond to equatorward auroral motion.
[16] As shown in Figure 3 , between 1941 and 1947 UT, the aurora located in the midnight-to-dusk sector around 70°i nvariant latitude (Northern Hemisphere) greatly intensified. The auroral brightening are also observed in the Southern Hemisphere by Polar/UVI instrument (Figure 4) . Note, the foot point of Cluster is not inside the Polar/UVI view; however, the time sequences of the auroral brightening and equatorward moving are consistent with IMAGE and Cluster observations. This intensification happened when Cluster observed the earthward moving plasmoid. The aurora shifted gradually to lower latitudes (60°) thereafter.
[17] The ionospheric effect of plasmoids is also recorded in the ground-based magnetometer data. The latitudinal distribution of westward currents in Figure 5 shows the results of the one-dimensional upward continuation of the ground magnetic perturbations [Vanhama ki and Viljanen, 2003] , which allows one to reconstruct at each time step the density distribution of the east-west equivalent ionospheric currents crossing the meridian of the IMAGE magnetometer network (midnight at around 2130 UT) [Viljanen and Ha kkinen, 1997] . The color code reflects the intensity of the westward equivalent current.
[18] It can be seen clearly that a westward equivalent current centered around 69 0 latitude moves gradually to lower latitude 67 0 . The onset of the westward current starts at 1940 UT, and soon after the whole current moves equatorward. This feature is consistent with the earthward plasma flow and the moving plasmoid. It is interesting to note that the Cluster plasmoid activity observation coincides temporally as well as spatially with the excursion of the westward electrojet. As marked in the Figure 5 , the onset times of the plasmoid and the inflection region of the first plasmoid can be clearly identified. The profile of the total current observed by Cluster (curlmeter) shown in Figure 2c is also consistent with the the westward electrojet. It should be mentioned here there is an area of small current densities at around 1946 UT. This region corresponds to the inflection point in the plasmoid. Moreover, the westward electrojet is clearly bifurcated into two areas at 68 deg and 
Discussion and Conclusion
[19] Figure 6 illustrates the relationship between the earthward moving plasmoid and the observed ionospheric signatures. Assuming that multiple reconnection occurs at the plasma sheet, a plasmoid is generated. It has been widely accepted that the bursty bulk flows (BBFs) will transport plasma flux and energy earthward and the energy will be further deposited in the Earth's ionosphere from the distant tail. In this paper we found that not only BBFs but also the magnetic structures, plasmoid and flux rope, will also play a significant role on such a flux and energy transport process. The ionospheric signatures observed in this paper are not substorm-related; the first injection in the geosynchronous orbit occurred at 2008 UT, 28 October 2002 which is about 44 min later than the ionospheric signature observed by ground-based IMAGE chain ( Figure 5) .
[20] The westward currents observed by the IMAGE magnetometer chain indeed demonstrated the plasmoid current closure through the substorm current wedge as shown in Figure 6 . Owing to reduced plasma pressure inside the plasmoid (Figure 2) , the cross-tail magnetic drift current inside the plasmoid is smaller than outside (Figure 2 ). The reduction of the current inside the plasmoid can be illustrated by adding a dusk to dawn current which close through the ionospheric electrojet analogy to the substorm current wedge, see Figure 6 . The current sheet disturbances associated with the earthward moving plasmoid are indeed coincided with sudden enhancement of the westward equivalent current observed by the ground-based IMAGE chain ( Figure 5 ). Since the current inside the plasmoid is smaller than outside and the earthward moving plasmoid is thus electrically polarized. Thus this plasmoid will charge up positive on the dawnside and negative on the duskside [Chen and Wolf, 1993; Sergeev et al., 1996] . The polarization electric field inside plasmoid may be asymmetric because of the plasmoid significant Vy component toward the duskside. This leads to the observation by the Cluster spacecraft of unusually large bipolar electric fields E x and E y in the plasmoid.
[21] On the other hand, the flux rope core at around 1946 embedded in the earthward moving plasmoid may lead the interhemispheric current closure. The current inside the plasmoid indeed becomes more field-aligned (Figure 2b) , although the magnitude turns to be smaller. This scenario is also supported by the following points:
[22] 1. As we can see in Figure 2 , the energy for the most part of the plasmoid is dissipated (J Á E < 0); however, in the plasmoid core region the J Á E is positive, indicating at this interval the plasmoid behaves as a ''load,'' meaning that the electromagnetic energy is being loaded into in the plasmoid.
[23] 2. As shown in Figure 1b , the ionospheric origin singly charged oxygen ion V x is tailward (this is different with proton V x in Figure 1d ). This is consistent with a field-aligned current coming from the Northern Hemisphere as shown in Figure 6 .
[24] 3. The aurora in Southern Hemisphere is also observed UVI on board Polar satellite at around Lat. 75 degrees (http://uvisun.msfc.nasa.gov/DATA/).
[25] Further, the evolution of the westward currents observed by the ground-based IMAGE magnetometer chain and the aurora observed by the IMAGE satellite is also 
